Background: Tunnels created for reconstruction of a torn anterior cruciate ligament (ACL) are critical determinants of joint stability and clinical outcomes. There is limited objective evidence on the ability of transtibial (TT), anteromedial (AM) portal, and outside-in (OI) operative techniques in creating anatomic tunnels.
Determinants of successful anterior cruciate ligament (ACL) reconstruction are multifactorial. One such factor known to critically influence the success of surgical reconstruction of a torn ligament is the position of tunnels created for graft fixation. 11, 16, 19, 22, 23 There has been recent evidence emphasizing anatomic reconstruction to achieve better clinical outcomes after surgical intervention. 2, 11, 19, 22, 23 While creating the femoral tunnel through the tibial tunnel continues to be the most widely practiced technique, 17 it has been shown to result in a higher percentage of nonanatomic femoral tunnel position primarily because of its dependency on the tibial tunnel. 6, 13, 14, 26 However, some authors have proposed modifications to the traditional transtibial (TT) technique and have demonstrated that an anatomic femoral tunnel can be created by adopting these modifications. 10, 20, 21 Alternatively, anteromedial (AM) portal and outside-in (OI) techniques are being used to circumvent the dependency on the tibial tunnel to create a femoral tunnel. 1, 25 Although these techniques have several advantages, various risks and limitations have been identified. [7] [8] [9] 18 Despite the evidence of 2 functional ACL bundles, the majority of ACL reconstructions are performed by using a single femoral and tibial tunnel created by the AM portal, OI, or TT technique. 4, 12 Therefore, it is imperative that this single tunnel captures both the functional bundles of the ACL. However, a comprehensive understanding of the relationship between the ACL, anteromedial bundle (AMB), and posterolateral bundle (PLB) footprints and the single tunnel created for soft tissue grafts remains unclear. It is important to establish objective evidence on the efficacy of the 3 surgical techniques in creating anatomic tunnels. Further, there is a theoretical risk for iatrogenic injury to the lateral soft tissue structures such as the lateral gastrocnemius tendon, popliteus tendon, lateral collateral ligament, common peroneal nerve, and biceps femoris tendon when creating the femoral tunnel through an AM portal. Therefore, the relationship between femoral tunnel exit on the lateral femoral cortex and the lateral epicondyle is critical to elucidate the potential risk for iatrogenic injury to the femoral attachments of the lateral gastrocnemius tendon, popliteus tendon, and lateral collateral ligament by each of these techniques.
The objectives of this study were to (1) establish a relationship between intra-articular femoral tunnel aperture and anatomic ACL footprint and (2) measure the distance between the extra-articular femoral tunnel exit location and lateral epicondyle for the tunnels created by the TT, AM portal, and OI techniques for soft tissue ACL grafts. We hypothesized that tibial tunnel-independent techniques can create tunnels more accurately at the anatomic ACL footprint center than the TT technique. We also hypothesized that the femoral tunnel exit location of the OI and TT techniques on the lateral cortex would be significantly further away from the lateral epicondyle than the femoral tunnel exit location of the AM portal technique.
MATERIALS AND METHODS
This study was conducted on 8 cadaveric knee specimens with a mean age of 56.4 years (range, 46-77 years). These fresh-frozen human cadaveric specimens were purchased from a tissue bank (MedCure Inc, Portland, Oregon) and were stored at -20°C at our institution. After the specimens were thawed for 24 hours at room temperature, all musculature surrounding the joint was removed. The diaphysis of the femur was potted in bone cement to secure it on a rigidly fixed pedestal.
With the tibia flexed to 90°, the AMB and PLB were carefully identified through a medial parapatellar arthrotomy. The identified AMB and PLB were transected using a No. 15 scalpel blade at the femoral attachment site. A surgical marking pen was then used to outline the femoral insertion area of the AMB and PLB. A 3-dimensional (3-D) digitizing system (MicroScribe G2LX, Immersion Corp, San Jose, California) with a manufacturer-reported accuracy of 0.3 mm was used to digitally record the ACL footprint, tunnel footprint, and anatomic landmarks. The AMB and PLB insertions were recorded as evenly spaced points along the previously outlined insertion areas in 3-D solid modeling software (Rhinoceros, Robert McNeel and Associates, Seattle, Washington) by the stylus of the digitizing system. After the ACL insertions were recorded, femoral tunnels were created by the TT technique, AM portal technique, and OI technique in each of the 8 specimens to implement a repeated-measures study design. After the tunnels were created by each surgical technique, the digitizing system and 3-D solid modeling software were used to digitally record evenly spaced circumferential points around the femoral tunnel intra-articular apertures.
The same specimens were used for 3 surgical techniques by filling the created femoral tunnels with bone cement. To minimize the bias in creating tunnels in bone cement, the sequence of the 3 techniques was varied among the 8 specimens. After the tunnels were filled with bone cement, the center of the anatomic ACL insertion was identified for subsequent surgical techniques by using the previously digitized ACL insertion. The motion of the stylus in space can be tracked in real time in 3-D solid modeling software. With the previously recorded ACL insertion in 3-D solid modeling software as the reference, the position of the stylus was manually maneuvered on the lateral intercondylar wall until the position of the tip of the stylus coincided with the virtual ACL insertion center (area centroid of ACL insertion) in 3-D solid modeling software. This position of the tip of the stylus was marked as the center of the ACL for subsequent tunnel creation. This procedure allowed us to accurately identify the ACL center repeatedly despite the use of bone cement.
In addition to the digitization of the outlines of ACL insertion and tunnel apertures for each technique, other anatomic structures digitized included medial and lateral epicondyles, inner and outer articular margins of the distal femur, and the Whiteside line and its extension to the anterior and posterior cortex of the femoral shaft. Further, before drilling the tunnels by each technique, we digitized the tip of the guide pin, when it was flush with the lateral femoral cortex, as a point to represent the center of the femoral tunnel exit.
Data Analysis
All the digitizations were performed at the same initial fixed position on the pedestal. The recorded points along the AMB and PLB insertions were connected by spline curves to form closed circumferential curves of the AMB and PLB footprints and hence the ACL footprint. A plane was then fitted to the ACL curve to form the femoral ACL plane. The proximal-distal axis of the femoral ACL plane was defined as a line parallel to the long axis of the femoral shaft, and the anterior-posterior axis was defined perpendicular to the proximal-distal axis in the femoral ACL plane ( Figure 1 ). The recorded points along the intra-articular apertures of the femoral tunnels were also connected by spline curves to create closed circumferential curves of the tunnel footprints. Each spline curve was then projected onto the femoral ACL plane, and the areas and area centroids of these curves (ACL and tunnels created by TT, AM portal, and OI techniques) were evaluated using the built-in functions of the 3-D modeling software. The amount of ACL, AMB, and PLB coverage by each tunnel was evaluated by measuring the amount of overlapping area between the tunnel and the ACL, AMB, or PLB. The distance between the ACL center and each tunnel center was evaluated as the distance between their area centroids. Further, the proximodistal and anteroposterior relations of the tunnel centers with respect to the femoral ACL center were also evaluated. Distance between the center of the extra-articular femoral tunnel exit and lateral epicondyle was measured as the distance between the tip of the guide pin (previously digitized point) and a point at the lateral epicondyle in the 3-D modeling software.
Surgical Techniques
TT Technique. The TT technique was performed with the tibia flexed to 90°. Intra-articularly, the tip of a 50°A CL tibial guide (DePuy Mitek, Raynham, Massachusetts) was positioned at the center of the posterolateral quadrant of the ACL footprint, and extra-articularly, the position of the sleeve ranged from a point lateral to the anterior margin of the medial collateral ligament (MCL) to the midpoint of the anterior margin of the MCL and medial border of the tibial tubercle. The tibial tunnel starting point in this study was located 20.8 6 4.4 mm from the anterior margin of the MCL and 22.2 6 4.5 mm from the edge of the medial tibial plateau, with a coronal angle of 60°with respect to the joint line. With these reference points, a guidewire was inserted into the tibia, and a tibial tunnel was then created by reaming over the inserted guidewire by an 8-mm cannulated drill bit (DePuy Mitek). To create the femoral tunnel, a 7.5-mm offset guide (DePuy Mitek) was inserted through the tibial tunnel and hooked at the ''over-thetop'' position. The offset guide was then laterally rotated so as to position the guidewire as close to the center of the femoral ACL footprint as possible. After the desired position of the guidewire was achieved, an 8-mm acornhead reamer was used to create a femoral tunnel.
AM Portal Technique. To create a femoral tunnel using the AM portal technique, a guidewire was inserted at the anatomic center of the ACL femoral footprint through the AM portal with the knee flexed to 120°. With the inserted guidewire as the reference, a femoral tunnel was then reamed to the lateral cortex of the distal femur using an 8-mm acorn-head reamer (DePuy Mitek).
OI Technique. For the OI technique, a 70°ACL tibial guide (DePuy Mitek) was inserted through the central (transpatellar tendon) portal, and the tip of the guide was positioned at the anatomic center of the ACL footprint. The central portal was located at the level of the joint line through the patellar tendon. A longitudinal incision over the lateral thigh was made, and the iliotibial band was split; then, the lateral aspect of the distal femoral metaphysis was accessed by retracting the vastus lateralis muscle. Extra-articularly, the guide sleeve was placed proximal and anterior to the lateral epicondyle. A guidewire was first inserted with these references with the tibia flexed to 70°. A femoral tunnel was then established by an 8-mm cannulated drill bit (DePuy Mitek) over the inserted guidewire.
Statistical Analysis
Statistical analyses were performed by 1-way repeatedmeasures analysis of variance (ANOVA). If significant, post hoc comparisons between the 3 tunnel creation techniques were made by using the Newman-Keuls test. All statistical analyses were performed by using Statistica 6.1.478.0 (StatSoft Inc, Tulsa, Oklahoma). A P value of \.05 was considered statistically significant. 
RESULTS

Area
The areas of the ACL, AMB, and PLB footprints were 109.4 6 12.7 mm 2 , 57.4 6 7.6 mm 2 , and 52.0 6 9.8 mm 2 , respectively. The cross-sectional areas at the aperture of the femoral tunnels created by the TT, AM portal, and OI techniques were 77.9 6 23.8 mm 2 , 70.1 6 18.9 mm 2 , and 70.1 6 11.9 mm 2 , respectively. No significant difference was observed in the total ACL footprint coverage achieved by these 3 tunnels ( Figure 2 ). Coverage of the PLB by the TT tunnel (26.4% 6 18.9%) was significantly lower than the coverage by the tunnels created by the OI (61.5% 6 27.0%) and AM portal (42.2% 6 29.4%) techniques (P \ .05) ( Figure 2 ). In terms of AMB coverage, no significant differences were observed between the 3 techniques. On average, 27.1% 6 17.4% of the TT tunnel was outside the ACL footprint. This was significantly larger than the 13.6% 6 15.7% with the AM portal technique (P = .01) and 10.8% 6 10.8% with the OI technique (P = .01). Also, no significant difference was observed in the percentage of tunnel outside the ACL footprint between the AM portal and OI techniques (P = .56).
Location of Tunnel Center Relative to ACL Footprint Center
Among the 3 techniques, the tunnel center of the OI technique was the closest to the ACL center at 1.5 6 1.2 mm, followed by the AM portal tunnel center at 2.1 6 0.9 mm and TT technique tunnel center at 3.0 6 1.5 mm. The center of the TT technique tunnel was significantly anterior compared with the centers of both the AM portal (P = .004) and OI (P = .001) tunnels (Figure 3 ). No significant difference was found in the location of the AM portal and OI tunnel centers in the anteroposterior direction (P = .25). The location of the TT technique tunnel center was significantly more proximal than the OI technique tunnel center (P = .03) ( Figure 3 ). No significant difference was found in the location of the AM portal compared with both OI (P = .12) and TT (P = .25) tunnel centers in the proximodistal direction.
Location of Femoral Tunnel Exit Center Relative to Lateral Epicondyle
The TT tunnel exit was the farthest away from the lateral epicondyle at 42.3 6 7.9 mm, followed by the OI tunnel exit at 27.4 6 4.3 mm, and the AM portal tunnel exit was the closest to the lateral epicondyle at 20.8 6 8.8 mm ( Figure  4 ). The TT tunnel exit location was significantly different from the AM portal tunnel exit (P = .0002) and OI tunnel exit (P = .0008). No significant difference was observed between the AM portal and OI tunnel exits (P = .07). In terms of the anteroposterior component of the distance, the AM portal tunnel exit was significantly posterior compared with the OI tunnel exit (P = .006) and the TT tunnel exit (P = .003), and no significant difference was observed between the OI and TT tunnel exits in the anteroposterior direction (not significant) ( Figure 4 ). In terms of the proximodistal component of the distance, the TT tunnel exit was significantly more proximal than the AM portal tunnel exit (P = .0007) and OI tunnel exit (P = .0008), and the locations of the AM portal and OI tunnel exits were not significantly different in the proximodistal direction (Figure 4 ).
DISCUSSION
The results of this controlled laboratory study indicated that similar coverage of the femoral ACL footprint can be achieved by each of the tunnels created by the TT, AM portal, and OI operative techniques. However, the tibial tunnel-independent techniques were able to cover a larger portion of the femoral PLB footprint than the TT technique. The centers of the femoral tunnels created by the AM portal and OI techniques were closer to the anatomic ACL footprint center than the center of the TT tunnel. Further, the AM portal technique femoral tunnel exit location on the lateral femoral cortex was closer to the lateral epicondyle than the femoral tunnel exit location of the OI and TT techniques.
Evidence of improved clinical outcomes after anatomic ACL reconstruction has provided an impetus for the debate on the ability of currently practiced surgical techniques to achieve anatomic tunnel positions. The percentage of the ACL footprint covered by a tunnel is an important parameter, as it is directly related to the amount of collagen within the native footprints of the ACL. In this study, we found that with an 8-mm reamer the maximum femoral ACL footprint coverage was \57%. Although the maximum coverage was achieved by a tunnel created by the OI technique, no significant differences were observed among the 3 surgical techniques. Few studies have quantified the ACL footprint coverage by the TT technique tunnel, 20,26 and we are not aware of a study that measured the ACL footprint coverage by AM portal and OI technique tunnels. Strauss et al 26 reported a 30.0% femoral ACL footprint coverage by the TT technique tunnel by using an 8-mm reamer. The larger femoral ACL footprint coverage that was observed in this study compared with the Strauss et al 26 study (51.0% vs 30.0%) may be because of the larger offset guide used in this study (7.5 mm vs 6 mm), which allowed the tunnel to be placed closer to the ACL footprint center. Larger offset guides are required to accurately position the guidewire at the center of the ACL footprint. 3, 26 When the amount of ACL footprint coverage was divided into AMB and PLB footprint coverage, the tunnel by the TT technique achieved maximum (72%) AMB coverage and minimum (26%) PLB coverage compared with the tibial tunnel-independent techniques. Rue et al 21 reported 50% coverage of the AMB and 51% coverage of the PLB by using a 10-mm reamer for the TT technique. The discrepancy between these 2 studies may be because of the difference in reamer sizes used in them. We are not aware of other studies that compared the amount of AMB and PLB coverage achieved by using the AM portal or OI techniques. While the amount of AMB and PLB footprint coverage may be more easily controlled by the AM portal and OI techniques, an increase in the PLB footprint coverage by the TT technique is a challenge because of the constraint imposed on the reamer by tibial tunnel location.
Another important parameter is the location of the tunnel center relative to the ACL footprint center, as this reflects the ability of a technique to position a tunnel at the anatomic center. The location of the TT tunnel center was farthest from the femoral ACL footprint center compared with the AM portal and OI tunnel centers. Further, the location of the TT tunnel center was anterior (high) and proximal (deep) compared with the femoral ACL footprint center. This observation is in agreement with several studies that have evaluated the location of the TT tunnel center with respect to the ACL footprint center. 1, 6, 13, 24, 26 The tibial tunnel starting point in this study was located 20.8 6 4.4 mm from the anterior margin of the MCL and 22.2 6 4.5 mm from the edge of the medial tibial plateau, with a coronal angle of 60°with respect to the joint line. In addition to a medialized starting point used in this study, the offset guide was also laterally rotated as much as possible to place the guidewire as close to the ACL footprint center as possible. A more medial and proximal starting position than the one used in this study may potentially place the tunnel at the anatomic center of the ACL footprint. However, such a starting point is perilous, as it may cause iatrogenic damage to the MCL and may produce a tunnel too close to the medial tibial plateau. 10, 20 Theoretical risk for iatrogenic injury to the lateral gastrocnemius tendon, popliteus tendon, lateral collateral ligament, common peroneal nerve, and biceps femoris tendon is cited as a potential concern while preparing the femoral tunnel. 5, 18 The femoral attachment of the lateral collateral ligament is 1.4 mm proximal and 3.1 mm posterior to the lateral epicondyle, the femoral attachment of the lateral gastrocnemius tendon is located posterior and proximal to the lateral epicondyle at a distance of 17.2 mm, and the popliteus tendon attachment on the femur lies anterior to the lateral epicondyle at a distance of 15.8 mm. 15 In this study, we observed minimal risk of injury to the femoral attachment of the lateral gastrocnemius tendon, popliteus tendon, and lateral collateral ligament in the OI and TT techniques, as all the tunnel exit locations were anterior and proximally located relative to the lateral epicondyle. Although, on average, the tunnel exits of the AM portal technique were also proximal and anterior relative to the lateral epicondyle, in 3 specimens, our AM portal tunnel exit was located posterior to the lateral epicondyle; such a location could potentially cause an injury to the lateral gastrocnemius tendon femoral attachment.
Our study has certain limitations. First, 3 different surgical techniques were tested in each specimen by filling the tunnels created with bone cement. A digitization system and 3-D modeling software were utilized to accurately reidentify the ACL center after the tunnels were filled with bone cement. Further, the sequence of surgical techniques was alternated to minimize the bias resulting from this limitation. Second, using different reamer sizes will alter the percentage of ACL coverage; however, we chose an 8-mm reamer to replicate a tunnel size commonly used for soft tissue grafts. Third, we did not use a retrograde reamer and a larger angled (.70°) femoral guide for the OI technique. The tunnel position of the OI technique may be improved by utilizing these instruments. Fourth, a different tibial flexion angle and tibial starting position may influence the tunnel characteristics of the TT technique. Evaluation of tunnel characteristics with such variation may be required to comprehensively realize the potential of the TT technique.
In conclusion, our findings indicated that, although equal percentage of femoral ACL coverage can be achieved by all 3 surgical techniques, more femoral PLB coverage could be achieved by our tibial tunnel-independent technique. Centers of the tunnels created by the AM and OI techniques were closer to those of the native ACL footprint center than the center of the TT technique tunnel. The incidence of a posterior femoral tunnel exit relative to the lateral epicondyle is higher in the AM portal technique than in the OI and TT techniques. The characteristics of tunnels created for ACL reconstruction are a function of several factors such as tunnel entry point, flexion angle, drilling angle, and so on. Therefore, our observations presented here must be interpreted within the framework of the technical details of each technique used in this study.
